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Abstract: To evaluate the performance of wave dissipation structure, generally, cross-sectional 
experiments are conducted to measure the reflectance coefficient. However, waves sometimes 
propagate to a wave dissipation structure in the oblique direction. Therefore, planar examinations are 
required in order to conduct a more detailed examination. On the other hand, multiple reflections can 
be generated in the experiments using planar water tank, and the measurements of wave velocity and 
wave height propagated from the oblique direction are difficult work. Based on these backgrounds, we 
examined the reflectance coefficient using numerical calculations to suppress reflected waves at 
boundaries. We introduced the oblique waves generation to the numerical calculation, and the 
accuracy was validated. Then, the computed reflection coefficient was compared with the measured 
values in the experiments. As a result, the computed reflection coefficients were reasonably consistent 
with measured values. Although not all phenomena that occur at oblique waves can be considered, 
this paper showed that it is possible to examine oblique waves using three-dimensional numerical 
calculation.  
Keywords: Oblique Wave, Reflection Coefficient, CADMAS-SURF/3D, Wave Overtopping 
1 Introduction 
To evaluate the performance of wave dissipation structure, generally, cross-sectional experiments are 
conducted to measure the reflectance coefficient. For example, Hiraishi et al. (2009) summarized the 
reflectance coefficients of various types of wave dissipation structure proposed as a countermeasure 
for energy decay in a single drawing and compared them. They then, proposed a diagram that could 
easily estimate the reflectance coefficient. However, this method was insufficient, because waves are 
often obliquely generated in the port. On the other hand, few studies have focused on the planar 
examination and the reflectance coefficient at oblique incidence and they have not produced sufficient 
results. We speculated that it was difficult to accurately measure the flow velocity and wave height 
and the experimental conditions were limited in consideration of the occurrence time of multiple 
reflections. 
In recent years, with the improvements in computer performance, numerical calculations have 
become popular. For example, the numerical wave channel CADMAS-SURF has been used in many 
cases, and its applicability has been shown. Therefore, in this study, in order to solve the multiple 
reflection problem in the water tank, we examined the reflectance coefficient at oblique wave using 
numerical calculation, and aimed to show the applicability to practical use. We used CADMAS-SURF 
/ 3D developed by Arikawa (2005), in consideration of examining complex sea surface deformation 
such as wave overtopping in the future. The continuity and Navier-Stokes equations are used in 
CADMAS-SURF/3D that enable the direct computation of the change in the complexity of the water 
surface, such as breaking waves and waves overtopping, without introducing a model. 
We first introduced the oblique wave generation using a wave making source in CADMAS-SURF / 
3D, according to the work by Yamano et al. (2011). Since the wave making source is not a method of 
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directly specifying the flow velocity or water level, it is possible to pass the reflected wave from the 
structure or slope, etc., therefore this function was used together. After confirming that it was possible 
to generate waves at the specified incident angle, the applicability of numerical calculation was 
verified for experiments conducted in the past. The verification of this applicability was conducted for 
the experiment that examined oblique incidence at the vertical wall conducted by Moriya et al. (1994). 
In this study, we focused on the reflectance coefficient and compared with experimental values. 
2 Outline of CADMAS-SURF / 3D 
The three-dimensional numerical wave channel CADMAS-SURF / 3D structured mesh Navier-Stokes 
simulator is a further extension of the calculation method of the two-dimensional numerical wave 
channel CADMAS-SURF. Eq.(1) to Eq.(4) are used as the basic equations, which are the continuous 
equations for the three-dimensional incompressible viscous fluid and Navier-Stokes equations 
expanded based on the volume of the porous model. 
[Continuous expression]: 𝜕𝜕𝛾𝛾𝑥𝑥𝑢𝑢𝜕𝜕𝜕𝜕 + 𝜕𝜕𝛾𝛾𝑦𝑦𝑣𝑣𝜕𝜕𝜕𝜕 + 𝜕𝜕𝛾𝛾𝑧𝑧𝑤𝑤𝜕𝜕𝜕𝜕 = 𝛾𝛾𝑣𝑣𝑆𝑆𝜌𝜌 (1)  
[Navier-Stokes equation]: 
(x direction) 𝜆𝜆𝑣𝑣 𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑥𝑥𝑢𝑢𝑢𝑢𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑦𝑦𝑣𝑣𝑢𝑢𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑧𝑧𝑤𝑤𝑢𝑢𝜕𝜕𝜕𝜕 = − 𝛾𝛾𝑣𝑣𝜌𝜌 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕   
+
𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �2 𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕��+ 𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕 + 𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕��+ 𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕 + 𝜕𝜕𝑤𝑤𝜕𝜕𝜕𝜕�� − 𝛾𝛾𝜈𝜈𝐷𝐷𝜕𝜕𝑢𝑢 − 𝑅𝑅𝜕𝜕 + 𝛾𝛾𝜈𝜈𝑆𝑆𝑢𝑢 (2)  
(y direction) 𝜆𝜆𝑣𝑣 𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑥𝑥𝑢𝑢𝑣𝑣𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑦𝑦𝑣𝑣𝑣𝑣𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑧𝑧𝑤𝑤𝑣𝑣𝜕𝜕𝜕𝜕 = − 𝛾𝛾𝑣𝑣𝜌𝜌 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕  
+
𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕 + 𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕�� + 𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �2 𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕��+ 𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕 + 𝜕𝜕𝑤𝑤𝜕𝜕𝜕𝜕�� − 𝛾𝛾𝜈𝜈𝐷𝐷𝜕𝜕𝑣𝑣 − 𝑅𝑅𝜕𝜕 + 𝛾𝛾𝜈𝜈𝑆𝑆𝑣𝑣 (3)  
(z direction)  𝜆𝜆𝑣𝑣 𝜕𝜕𝑤𝑤𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑥𝑥𝑢𝑢𝑤𝑤𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑦𝑦𝑣𝑣𝑤𝑤𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜆𝜆𝑧𝑧𝑤𝑤𝑤𝑤𝜕𝜕𝜕𝜕 = − 𝛾𝛾𝑣𝑣𝜌𝜌 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕  
+
𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �𝜕𝜕𝑤𝑤𝜕𝜕𝜕𝜕 + 𝜕𝜕𝑢𝑢𝜕𝜕𝜕𝜕�� + 𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �𝜕𝜕𝑤𝑤𝜕𝜕𝜕𝜕 + 𝜕𝜕𝑣𝑣𝜕𝜕𝜕𝜕��+ 𝜕𝜕𝜕𝜕𝜕𝜕 �𝛾𝛾𝜕𝜕𝜈𝜈𝑒𝑒 �2 𝜕𝜕𝑤𝑤𝜕𝜕𝜕𝜕��  −𝛾𝛾𝜈𝜈𝐷𝐷𝜕𝜕𝑤𝑤 − 𝑅𝑅𝜕𝜕 + 𝛾𝛾𝜈𝜈𝑆𝑆𝑤𝑤 + 𝛾𝛾𝑣𝑣𝜌𝜌∗𝑔𝑔𝜌𝜌  (4)  
where t = time, x and, y are the horizontal coordinates, z is the vertical coordinates. u, v, and w are 
respectively the flow velocity components in the x, y, and z-directions. p = pressure, ρ = reference 
density, ρ * = buoyancy considering the density, ν = viscosity, νt = eddy viscosity, ve = sum of the 
molecular kinematic ν and νt, g = gravity acceleration, γν = gravity acceleration, γx, γy, and γz are the 
area transmittances in the x, y and z directions. Also, Dx, Dy, Dz are coefficients for energy damping 
area, Sρ, Su, Sv, Sw are source terms for wave making source. This wave source introduced by Yamano 
et al. (2011) is set at the center position (x, y) = (xs, ys) of the specified cell, and unlike the method of 
directly specifying the flow velocity and the water level, it is possible to generate waves by giving a 
discharge in consideration of the flow rate across the wave making boundary. The source terms are 
shown below. 𝑆𝑆𝜌𝜌 = 𝑞𝑞(𝑧𝑧, 𝑡𝑡) (5) 𝑆𝑆𝑢𝑢 = 𝑢𝑢𝑞𝑞(𝑧𝑧, 𝑡𝑡) (6) 𝑆𝑆𝑢𝑢 = 𝑣𝑣𝑞𝑞(𝑧𝑧, 𝑡𝑡) (7) 𝑆𝑆𝑤𝑤 = 𝑤𝑤𝑞𝑞(𝑧𝑧，𝑡𝑡) + 𝜈𝜈3 𝜕𝜕𝜕𝜕(𝜕𝜕，𝜕𝜕)𝜕𝜕𝜕𝜕  (8) 
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Here, q (z, t) is expressed by the following Eq.(9) and Eq.(10) with Δxs and Δys as lattice spacing at (x, 
y) = (xs, ys) in the x and y-direction. q (z, t) is set at the position of the wave source on the plane, 
otherwise it is set to 0. U (z, t) is the flow velocity for wave making, α is a coefficient depending on 
the spreading direction of the well. Yamano et al. (2011) showed that α = 2.0 is the most appropriate 
value. 𝑞𝑞(𝑧𝑧，𝑡𝑡) = 𝛼𝛼𝛼𝛼(𝜕𝜕，𝜕𝜕)∆𝜕𝜕𝑠𝑠  (9) 𝑞𝑞(𝑧𝑧，𝑡𝑡) = 𝛼𝛼𝛼𝛼(𝜕𝜕，𝜕𝜕)∆𝜕𝜕𝑠𝑠  (10) 
As a free surface analysis model, a VOF method that is highly versatile and capable of analyzing 
complicated surface shapes is adopted. In the VOF method, the behavior of the free surface is 
analyzed by sequentially calculating the advection equation of the VOF function F obtained by 
averaging functions representing "with and without fluid" for each calculation cells and the direction 
of the surface. The advection equation of the VOF function F based on the porous model is shown 
below. 𝛾𝛾𝑣𝑣 𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝛾𝛾𝑥𝑥𝑢𝑢𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝛾𝛾𝑦𝑦𝑣𝑣𝜕𝜕𝜕𝜕𝜕𝜕 + 𝜕𝜕𝛾𝛾𝑧𝑧𝑤𝑤𝜕𝜕𝜕𝜕𝜕𝜕 = 𝛾𝛾𝑣𝑣𝑆𝑆𝜕𝜕 (11) 
3 Development of oblique wave generation function 
3.1 Generation of oblique wave 
 
Tab. 1. Conditions of numerical calculation 
Calculation Time (s) 40 
Water Level (m) 1.0  
Wave Height (m) 0.1  
Incident Angle (deg) 30, 45, 60 
Damping Area (m) 5.2 
VP-DONOR 0.2 
Calculation Area (m) x 0 ~ 52 
y 0 ~ 52 
z 0 ~ 1.24 






In this study, we introduced the oblique wave generation using the wave making source and the 
function that enables simultaneous wave generation from two faces in x direction and y direction in 
CADMAS-SURF / 3D. The oblique incident wave was generated by obtaining the phase difference 
from the relationship between the wave direction and the relative position of each wave making 
source cell, according to the work of Yamano et al. (2011). 
Tab. 1 lists the conditions of the numerical calculation. The conditions in this numerical calculation 
were 0.4 m in the x and y-direction and 0.04 m in the z-direction in the grid. The sizes of numerical 
domain are respectively 52.0 m size in the x and y-direction and 1.24 m in the z-direction in the 
region. The target cases for this numerical calculation were three cases with the incident angles of 30 
°, 45 °, and 60 °. Fig. 1 shows the area of numerical calculation. By providing damping area around 
the calculation area, the wave reflection at the boundary is suppressed. The wave making sources were 
arranged in an L-shape. Five measurement points were chosen. P1 to P5 shown in Fig. 1 indicate those 
points. At these measurement points, the flow velocities in the x and y-directions were measured. 
Fig. 1. Area of numerical calculation 
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3.2 Result of numerical calculation 
 
Fig. 2 to Fig. 4 show the computation result images for the incident angles of 30 °, 45 °, and 60 ° from 
the x direction in the counterclockwise direction. Those images are snapshots of the "water surface 
fluctuation", and the range of the water surface fluctuation is described at the bottom of Fig. 2 to Fig. 
4. The coordinates correspond to Fig. 1.  
Fig. 5 shows the difference between the maximum and minimum values of the velocities u and v in 
the x and y-direction measured at points P1 to P5 described in Fig. 1. By evaluating the ration between 
the flow velocity values in both directions, it was confirmed that the wave was generated at the 
specified incident angle. The values measured at each incident angle could be reasonably target value 









































4 Examination of reflectivity at vertical wall 
To examine the validity of the introduced oblique wave generation function, numerical calculation of 
the experiment conducted by Moriya et al. (1994) was reproduced using CADMAS-SURF / 3D. 
Moriya et al. (1994) proposed a method to separate the incident and reflected waves at the time of 
oblique incidence. In addition, when the incident angle perpendicular to the vertical wall was defined 
as the incident angle of 0°, the reflectance coefficient decreased with an increase in the incident angle. 
When the incident angle exceeded a certain level, just before the vertical wall, the wave height was 
extended in the direction perpendicular to the vertical wall. The generation of stem waves was 
confirmed, which indicates the occurrence of waves in the direction along the vertical wall. These 
phenomena were examined through the numerical calculation and reflectance coefficients were 
compared with the experimental values. 
4.1 Separation of incident wave and reflected wave 
The proposed method to perform separation uses Eq. (11) and Eq. (12). The time series data of water 



















Fig. 7. Definition of angle 
 






























Fig. 6. Time series data for 60 ° 
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𝜂𝜂𝑖𝑖 = �ℎ 𝑔𝑔⁄ 𝑢𝑢−𝜂𝜂cos𝜃𝜃𝑟𝑟cos𝜃𝜃𝑖𝑖−cos𝜃𝜃𝑟𝑟 = �ℎ 𝑔𝑔⁄ 𝑣𝑣−𝜂𝜂sin𝜃𝜃𝑟𝑟sin𝜃𝜃𝑖𝑖−sin𝜃𝜃𝑟𝑟  (11) 𝜂𝜂𝑟𝑟 = �ℎ 𝑔𝑔⁄ 𝑢𝑢−𝜂𝜂cos𝜃𝜃𝑖𝑖cos𝜃𝜃𝑟𝑟−cos𝜃𝜃𝑖𝑖 = �ℎ 𝑔𝑔⁄ 𝑣𝑣−𝜂𝜂sin𝜃𝜃𝑖𝑖sin𝜃𝜃𝑟𝑟−sin𝜃𝜃𝑖𝑖  (12) 
where η = the water surface fluctuation, ηi = the incident waveforms, ηr = the reflection waveforms, h 
= the water depth, θi = the incident angles, θr = the reflection angles, g = gravity acceleration, u and v 
are the flow velocity as shown in Fig. 7. 
Fig. 8 shows an example of the separation of incident wave and reflected wave for the conditions 
of the wave height 0.02 m and the incident angles of 30 °. ηi, and ηr are waveform after separation 
processing. It was confirmed that the reflected wave was generated delayed with respect to the 
incident wave, and that the separation of incident wave and reflected wave could be done without any 
problem. Also, the waves were generated without being disturbed. 
4.2 Condition of numerical calculation 
The conditions in this numerical calculation were 0.04 m size in the x and y-direction and 0.01 m in 
the z-direction in the grid. The size of region was 11.96 m size in the x and y-direction and 0.16 m in 
the z-direction. The target conditions for this numerical calculation were ten cases. The incident wave 
angles of 15 °, 30 °, 45 °, and 60 ° and wave heights of 0.02 m and 0.025 m are given. Tab.2 and 
Tab.3 show the conditions examined in this numerical calculation. 
















Tab. 3. Conditions for numerical calculations 
Calculation Time (s) 20 
Water Level (m) 0.1 




x 0 ~ 11.96 
y 0 ~ 11.96 
z 0 ~ 0.16 




The wave making sources were arranged in an L-shape. Also, an obstacle as a vertical wall was placed 
in the computational domain. The measurement position was the point L / 12(L is wavelength) m 
away from the vertical wall (0.12 m in height), as in the experiment by Moriya et al (1994). In 
addition, according to the target experiment, overtopping occurred under some conditions. Therefore, 
behind the vertical wall installed as obstacle, a water collection box with a width of 0.2 m was 
installed, which is equivalent to the height of the vertical wall, and the water level in the water 
collection box was measured to confirm whether wave overtopping occurred. The computation area is 
illustrated in Fig. 9. However, in this study, we could not examine the amount of wave overtopping, 
and we only checked whether wave overtopping occurred. This is because the thickness of the 
installed vertical wall should be the same as the experiment in order to examine the amount of 
overtopping with high accuracy, but the thickness of the vertical wall could not be accurately 
reproduced at present. The obstacle installed in CADMAS-SURF / 3D depends on the size of the cell, 
and it is necessary to cut the calculation cell more finely in order to make it similar to the thickness of 
the vertical wall of the experiment. However, it was possible to predict the increase of the 
computation time by making the calculation cell finer. Therefore, in this study, we focused on only the 
















reflectance coefficient, and it was only examination of whether it occurred or not with regard to the 
wave overtopping. 
4.3 Result of numerical calculation 
Fig. 10 shows the time series data of computed and experimental values. The experimental values of 
the time series data were compared with the numerical calculation and it was confirmed that almost 






















































Fig. 11. Reflectance coefficient comparisons Fig. 12. Correlation between experimental values and 








Fig. 11 is a graph that confirms the relationship between the incident angle and reflectance coefficient 
in each calculation cases. Our results showed that the reflectance coefficient tends to be decreased as 
the incident angle increases. In the same graph, the experimental values obtained by the experiment of 
Moriya et al. (1994) were plotted, which confirms that the reflectance coefficient decreases as the 
incident angle increases. In other words, it was confirmed that the numerical calculation results 
showed the same tendency as the experimental results. Regarding the incident angle of 60 degrees, as 
described by Moriya et al. (1994), it was judged that analysis was impossible because the flow 
velocity in the direction perpendicular to the vertical wall became smaller due to the generation of 
stem waves. Stem wave refers to a phenomenon in which the wave front extends forward in the 
direction perpendicular to the vertical wall just before it and the wave travels in the direction along the 
vertical wall. The phenomenon can be confirmed from the Fig. 13 and Fig. 14. The figures show 
images from the numerical calculation at that time and just before the vertical wall for the incident 
angle of 60 degree. It could be confirmed from the image that the angle was close to being 
perpendicular to the vertical wall just before the vertical wall. Fig. 15 shows time series data of the 
flow velocity at the incident angle of 60 degrees. It could be confirmed that the computed value of the 
flow velocity v in the vertical direction became smaller.  
Fig. 12 shows the correlation between the experimental values of Moriya et al. (1994) and the 
computed values. Although computed values were overestimate as a whole, the height of 
reproducibility could be confirmed except for the incident angle of 45 degrees. On the other hand, for 
the incident angle of 45 degrees, the reflectance coefficient of numerical calculation is overestimated 
by about 0.2 to 0.3. It was predicted that the reproducibility of stem wave generation was the cause. It 
was confirmed that stem waves started to be generated around 45 degrees of incident angle, as 
described in Moriya et al. (1994). In order to accurately reproduce the generation of stem waves, it 
was considered necessary to reduce the size of the grid near the vertical wall and to improve the 
reproducibility of the waves propagating along vertical wall. However, the calculation time could be 
increased by reducing the size of the grid in planar calculation using CADMAS-SURF / 3D. 
Therefore, the appropriate grid size that can reproduce stem wave generation need to be examined 
according to the condition of incident wave, and that it is one of the future problems to improve the 
reproducibility of stem wave generation. Although there are still subjects to be examined, in this 
study, it was confirmed using CADMAS-SURF / 3D that the reflectance coefficient decreased with 
the increase of the incident angle, and it was also shown that the experiment could generally be 
reproduced. In addition, it was confirmed that wave overtopping occurred at incident angles of 0, 15, 
and 30 degrees at a wave height of 0.025 m because the water level in the water collection box was 
rising. In the target experiment, wave overtopping occurred under the same conditions of this 
examination. Therefore, the wave overtopping situation in numerical calculation could reasonably 
reproduce the experiment. Also, it was confirmed that wave overtopping at the time of oblique waves 
using CADMASSURF / 3D is possible. On the other hand, the amount of wave overtopping could not 


























Fig. 15. Time series data for  60 ° 
730
5 Conclusion 
In this study, we introduced the oblique wave generation to the three-dimensional fluid analysis which 
uses the continuous equations for the three-dimensional incompressible viscous fluid and Navier-
Stokes equations expanded based on the volume of the porous model, and examined the reflectance 
coefficient using the function. The results obtained in this study are as follows: 
I) Oblique waves generation 
I. After introducing the oblique incidence generation, it was confirmed that a wave could be 
generated at a specific incidence angle. 
II) The reflectance coefficient at the time of the oblique incidence wave: 
I. It was confirmed that the reflectance coefficient increased as the incident angle increased. 
II. The tendency of the computed values reasonably reproduced the experimental values. 
III. At an incident angle of 60°, the flow velocity perpendicular to the vertical wall decreased in 
front of the vertical wall and a stem wave was confirmed. 
IV. It was also confirmed that there were some cases of overtopping.  
In this study, although stem wave was confirmed when the incident angle was large, it is considered 
that the reproduction in which generation of stem waves starts to occur as the incident angle increases 
is insufficient. Also, the amount of wave overtopping could not be examined. 
In the future, in order to accurately reproduce the stem wave generation, the lattice size according 
to the wave conditions should be examined. After that, it is necessary to conduct detailed examination 
of the amount of wave overtopping. 
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